Thorough resistivity measurements on single crystals of CeZn11 under pressure p and magnetic field H are presented. At ambient pressure, CeZn11 orders antiferromagnetically at TN=2 K. The pressure dependence of the resistivity reveals an increase of the Kondo effect. We determine the pressure evolution of the magnetic exchange interaction between conduction and localized 4f electrons. It qualitatively reproduces the pressure evolution of the magnetic ordering temperature TO1 (with TO1=TN at ambient pressure). In addition to TO1, a new anomaly TO2appears under pressure. Both anomalies are found to increase with applied pressure up to 4.9 GPa, indicating that CeZn11 is far from a pressure induced quantum critical point. Complex T-H phase diagrams are obtained under pressure which reveal the instability of the ground state in this compound.
Thorough resistivity measurements on single crystals of CeZn 11 under pressure p and magnetic field H are presented. At ambient pressure, CeZn 11 orders antiferromagnetically at T N = 2 K. The pressure dependence of the resistivity reveals an increase of the Kondo effect. We determine the pressure evolution of the magnetic exchange interaction between conduction and localized 4f electrons. It qualitatively reproduces the pressure evolution of the magnetic ordering temperature T O 1 (with T O 1 = T N at ambient pressure). In addition to T O 1 , a new anomaly T O 2 appears under pressure. Both anomalies are found to increase with applied pressure up to 4.9 GPa, indicating that CeZn 11 is far from a pressure induced quantum critical point. Complex T -H phase diagrams are obtained under pressure which reveal the instability of the ground state in this compound. 
I. INTRODUCTION
Cerium based compounds have been extensively studied due to the existence of fascinating phenomena such as heavy fermion behavior, quantum criticality, and/or superconductivity. [1] [2] [3] [4] The physics of these materials arises from a competition between different interactions such as the magnetic Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction or the Kondo effect. 5, 6 In the study of these materials, pressure and magnetic field were rapidly recognized as thermodynamic parameters that can be used to tune the interactions. Recently, we reported 7 the synthesis and physical properties of single crystals of CeZn 11 . Such large coordination compounds often show strongly correlated electron behaviors, 8, 9 or good thermoelectric properties. 10 In this paper, we report on the effects of pressure on single crystals of CeZn 11 .
CeZn 11 was reported to crystallize in the tetragonal BaCd 11 structure type (space group I 4 1 /amd). 11 Each cerium atom is coordinated by 22 atoms of zinc. The cerium site has a tetragonal, noncentrosymmetric point symmetry (D 2d ). A magnetic ordering occurs below 2 K and was attributed to antiferromagnetism from magnetization measurements. 7, 12 Despite this relatively low antiferromagnetic ordering temperature, no strong signature of quantum fluctuations have been observed. 7 The effective moment μ eff ≈ 2.48 μ B /Ce is very close to the trivalent free ion value of 2.54 μ B /Ce for Ce 3+ . The determination of the Sommerfeld coefficient γ is ambiguous since no Fermi liquid behavior is observed in specific heat as well as in resistivity, at least above 0.4 K. 7 At 3 K, above the ordering temperature, the value of C/T is larger than 1 J mol −1 K −2 , whereas it is only 14 mJ mol −1 K −2 in LaZn 11 . In fact, such large value does not arise from electronic correlations, but from the presence of a low lying crystal electric field (CEF) level. Such small CEF splitting is already known to give "false heavy fermion" behavior. 13 The value of C/T is reduced to 100 mJ mol −1 K −2 below the ordering temperature, at 0.4 K. This value is still significantly larger than ∼10 mJ mol −1 K −2 obtained for LaZn 11 . 7,12 When taking into account a CEF level at E 1 ∼ 10-12 K, a value of γ ∼ 35-43 mJ mol −1 K −2 was obtained. 7, 12 In another Ce compound with large coordination, CeCd 11 , a small γ ∼ 26 mJ mol −1 K −2 was also found. 14 To the contrary, the case of the related compound, UCd 11 is reported to be a heavy fermion compound 15 with a γ value as large as γ ∼ 840 mJ mol −1 K −2 in the paramagnetic state (above 8 K) and 250 mJ mol −1 K −2 in the antiferromagnetic state (below 1 K). It should be noted, however, that recent de Haas-van Alphen studies 16 in UCd 11 (with a magnetic field H > 6.5 T) have revealed relatively small cyclotron masses in the range 1.6-7.2m 0 (m 0 is the rest electron mass) and an overall CEF splitting smaller than 100 K. 17 The CEF splitting in CeZn 11 is among the lowest in cerium compounds, with the first excited level at E 1 ∼ 10-12 K from specific heat measurements. 7, 12 A lower CEF splitting, with E 1 = 6.7 K, was observed in cerium ethylsulfate Ce(C 2 H 5 SO 4 ) 3 9H 2 O. 18 In CeCd 11 , E 1 = 17.5 K. 14, 19 The CEF effect tends to reduce the single ion Kondo temperature by reducing the degeneracy of the ground state. [20] [21] [22] Given the low ordering temperature, as well as the low CEF splitting in CeZn 11 , pressure may result in significant changes in the low-temperature state, and ultimately is expected to lead to a quantum phase transition, possibly even a quantum critical point. In this paper, we present the results of measurements of electrical resistivity as a function of temperature and applied magnetic field under applied pressures up to 4.9 GPa.
II. EXPERIMENTAL DETAILS
In the present study, several high-quality single crystals of CeZn 11 were used. The samples were grown from high-temperature binary solutions rich in zinc in the molar ratio Ce:Zn of 1.5 : 98.5, and characterized by x-ray Laue diffraction, resistivity, magnetization, and specific heat measurements as detailed in Ref. 7 . The residual resistivity ratio [RRR≡ ρ(300K) ρ(0.4K) ] is higher than 300, indicating the high quality of the samples. Pressure was applied using a modified Bridgman cell. 23 In such a cell, it is possible to use liquids as the pressure-transmitting medium. Pressures as high as ∼7 GPa can be obtained when using Daphne oil 7373 24 or Fluorinert. 23 In this study, we used a 1:1 mixture of n-pentane:isopentane, which is a more hydrostatic medium. 25, 26 The solidification of this medium occurs at room temperature at ∼6-7 GPa. 25, 27 However, this medium is more compressible and, as a result, our pressure limit was reduced to ∼5 GPa. In order to ensure the sealing of the pressure cell, the initial pressure has to be larger than 2 GPa. The pressure was determined by measuring the superconducting transition of Pb resistively. 28 Electrical resistivity was measured down to 2 K and at fields up to 9 T in a commercial Quantum Design Physical Property Measurement System (PPMS), employing the four probe ac method with current parallel to the [110] axis. Four gold wires (12 μm ø) were spot welded on the sample. Magnetic field was applied along the [110] axis, which corresponds to the magnetization easy axis. 7 Measurements down to 400 mK were performed in a 3 He cryostat (CRYO Industries of America) with a LakeShore 370 ac resistance bridge. Knowledge of the sample geometry enabled us to estimate the absolute resistivity to within 15%.
III. RESULTS
The temperature dependence of the electrical resistivity at different pressures is shown in Fig. 1(a) . Increasing pressure is expected to move the energy of the 4f electrons of cerium ions closer to the Fermi energy. This enhances the Kondo effect and therefore increases the magnetic scattering of the conduction electrons with the 4f electrons, which explains the increase of the resistivity with pressure at low temperature (below 150 K).
In addition, Fig. 1 (a) shows that the ambient pressure broad shoulder in the resistivity around 15 K becomes more pronounced with applied pressure. The contribution of cerium ions to the electrical resistivity can be obtained by subtracting the resistivity of LaZn 11 . The resistivity of a single crystal of LaZn 11 measured at ambient pressure with electrical current parallel to the [110] axis is also shown in Fig. 1 (a) (reproduced from Ref. 7) . In this work, we assume that any pressure dependence of the LaZn 11 resistivity is negligible. The subtracted resistivity ρ − ρ LaZn 11 (sometimes referred to as the magnetic resistivity) at different pressures is shown in Fig. 1(b) . In fact, two broad anomalies (changes of slope) can be observed at ∼15 and ∼60 K. These features correspond to the energy of the CEF levels as determined from specific heat measurements at ∼12 and ∼65 K from Ref. 7 or at ∼10 and ∼48 K from Ref. 12 . A similar influence of the CEF levels on the electrical resistivity can be observed in many other cerium based compounds. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] The two anomalies we observe are expected to merge under pressure with the increase of the Kondo effect 42 and indeed, at a qualitative level, this is observed in Fig. 1 (b) as the pressure is increased.
The magnetic resistivity for a hybridizing, CEF split system can be computed following the procedure described by Cornut and Coqblin. 20 Although the calculation is lengthy and cannot be reduced to a small number of equations, all the different steps of the calculation are well described in Ref. 20 . This allows us to determine the pressure evolution of the magnetic exchange energy J ex between conduction and localized 4f electrons. This model applies to alloys and compounds with cerium impurities and considers the influence of the crystalline field on the Kondo effect. The scattering of conduction electrons with the ground state and excited states, due to the CEF effect, of cerium impurities is considered. The Cornut and Coqblin calculation has also been applied to cerium compounds such as CeAl 2 , 29 CeAl 3 , 43 and qualitatively to Ce 3 Pt 4 In 13 . 38 Although CeZn 11 orders below 2 K and cannot truly be considered as a dilute alloy, the concentration of cerium in CeZn 11 is rather small (c ≈ 8.33 at.%). Moreover, the magnetic properties at high temperatures are well understood assuming a local character of the 4f electrons. In addition, coherence effects are expected to be negligible at high temperatures. We therefore fit our data above 20 K, but keeping in mind that the lower temperature range is not expected to be perfectly reproduced by this model. The physical constants and assumptions are given in Ref. 20 , and the free parameters of the calculation are the following: a direct scattering potential υ, the matrix element of mixing between 4f and conduction electrons at the Fermi level V k F , the density of states at the Fermi energy E F for the one spin direction n(E F ), the energy of the ground state E 0 measured from E F , the energy gap between the ground state and the excited CEF levels 1 and 2 , and a cutoff energy D. In order to reduce the number of fitting parameters, we assume that all the magnetic exchange energies J MM are equal (and referred to as J ex ). This removes the dependence on V k F and E 0 . We also consider that n(E F ) is pressure independent. An estimate of n(E F ) can be obtained from the free electron expression N (E F ) = 3 2 N E F where N is the number of electrons taken as three electrons per cerium. The Fermi energy can be obtained in the free electron model from the carrier density of ∼4.4 × 10 28 m −3 at 300 K obtained from Hall resistivity measurements in the one-band approximation. 7 This gives E F ≈ 4.5 eV. Another estimation can be made from the thermoelectric power (TEP) measurements. As mentioned in Ref. 7 , the temperature dependence of the TEP is almost linear above 125 K. At high temperatures, the TEP is given by 44 where −e is the electron charge and k B is the Boltzmann constant. A linear fit of the data above 125 K gives a slope of 0.0156 μV K −2 which leads to E F ≈ 4.7 eV, in good agreement with the estimate from the Hall resistivity. From these values for E F , we deduce that n(E F ) ≈ 0.5 state/eV atom. Another parameter of the Cornut and Coqblin model is the direct scattering potential υ, which is difficult to estimate: its evaluation comes essentially from the low-temperature behavior of ρ but the model is not valid in this region mainly because of coherence effects. |υ| is expected to be of the order of |J ex | and we have chosen |υ| = 0.2 eV, independent of pressure (a similar value is taken in other cerium compounds). 20, 29, 43 Finally, since we fit our data only above 20 K, we take the gap energy of the first excited level due to the CEF effect fixed to 1 = 14 K. The remaining free parameters of the calculation are therefore the exchange energy J ex , the cutoff energy D, and the gap energy 2 due to the CEF effect. The results of the fit for different pressures are represented as dashed lines in Fig. 1(b) . The temperature dependence is well reproduced and, in particular, the changes of slopes at the CEF energies. As expected, the agreement is better in the higher temperature range, which further confirms the fact that the cerium can be considered as a local diluted impurity. The fitting parameters are presented in Fig. 2 . As already mentioned in Refs. 20 and 29, the variation of the theoretical parameter D under pressure is not physically important. More importantly, Fig. 2 shows that the absolute value of the magnetic exchange energy |J ex | increases with pressure as is usual for Kondo systems. 45 The pressure dependence of J ex is linear and d|J ex | dp ≈ 14 meV/GPa. This value for CeZn 11 can be compared to Ce 3 Pt 4 In 13 ( d|J ex | dp ≈ 8.4 meV/GPa), which orders antiferromagnetically below 0.95 K. 38 It would be interesting to compare these values to other cerium compounds, especially members of the CeT 2 (Si,Ge) 2 (T = Cu,Pd,Au). [31] [32] [33] [34] [35] The knowledge of the pressure dependence of J ex will be used later to estimate the variation of the magnetic ordering temperature T O 1 (p). We note that fitting down to 5 K with 1 as a free parameter gave essentially the same estimate of the variation of the magnetic ordering temperature T O 1 (p), and values for 1 between 14 and 18 K. However, as already mentioned, the data are not well reproduced at low temperatures. We also note that the value obtained for 2 ≈ 100 K is higher than the one obtained from specific heat measurements, 7,12 which were, however, limited to below 20 K. Inelastic neutron scattering experiments would be helpful in order to confirm the CEF level scheme of CeZn 11 .
We now focus on the low-temperature ordered phase. Figure 3(a) shows the low-temperature dependence of the electrical resistivity at different pressures. The corresponding temperature derivatives are presented in Fig. 3(b) . At ambient pressure, the ordering temperature T O 1 , which is associated with antiferromagnetism, 7 is characterized by a rapid loss of electrical resistivity in Fig. 3(a) , or more clearly by a peak in dρ/dT in Fig. 3(b) . Such behavior is expected in magnetic metals where the resistivity due to spin disorder scattering is reduced in the ordered phase. 46 We define the ordering temperature T O 1 as the middle point of the sharp rise in dρ/dT as illustrated in Fig. 3(b) for the data at 3.3 GPa. With applied pressure, a second peak is visible in dρ/dT , indicating the appearance of a new phase at T O 2 , which most likely corresponds to a transition to a different type of magnetic order. We define the ordering temperature T O 2 as the peak position in dρ/dT as illustrated in Fig. 3(b) for the data at 3.3 GPa by a circle. Due to the finite initial pressure step, which was necessary to ensure the sealing of the pressure cell, the pressure at which the new phase appears is not precisely known. Our measurements show that this pressure must be below 2.1 GPa. Such multiple magnetic transitions are frequently revealed upon cooling in rare-earth intermetallic compounds, 47, 48 and can sometimes be found in Ce compounds: CeRuSiH (Ref. 49 ), CeRu 2 Ge 2 (Refs. 50-52), CeRu 2 Al 2 B (Ref. 53) , and of course, CeSb (Refs. 54 and 55), for example. Such a series of transitions is also observed in some uranium based compounds, and in particular in UCd 11 (Ref. 56) . It is interesting to note that the sharp rise in dρ/dT at T O 1 is of similar shape as the anomaly in specific heat 7 as expected for a second-order magnetic transition. 57 On the other hand, the anomaly in dρ/dT at the pressure induced transition T O 2 , especially for p = 2.8, 3.3, and 4.0 GPa, is much more symmetric, suggesting a first-order transition. Indeed, the anomaly in specific heat at a second-order phase transition is usually not symmetric showing one behavior on one side, and a different behavior on the other side. However, in the case of a first-order transition, it is the entropy which is discontinuous, and, consequently, the specific heat shows like a broadened Dirac δ function resembling a more symmetric peak.
The temperature versus pressure phase diagram is shown in Fig. 4 . The temperatures of both anomalies increase with pressure up to 4.9 GPa. In the case of a first-order transition, as it might be the case at T O 2 , the pressure variation of the ordering temperature is given by the Clausius-Clapeyron relation:
where S is the discontinuity of entropy and V is the discontinuity in volume. Assuming that S > 0, our observation that dT O 2 /dp > 0 implies V > 0. Thermal expansion measurements under pressure would be necessary to further discuss the order of the phase transition. The fact that both anomalies increase with pressure up to 4.9 GPa indicates that CeZn 11 is far from a pressure induced quantum critical point. Assuming that the magnetic order is mediated through the RKKY interaction, [59] [60] [61] we have T RKKY ∝ J 2 ex . We can use the J ex (p) values determined from the high-temperature dependence of the resistivity to derive the variation of the ordering temperature with pressure. This is represented by a dashed line in Fig. 4 . The increase of T O 1 with pressure is rather well reproduced by this crude estimate. Given all the approximations that we have mentioned previously, the agreement is remarkably good.
We can also calculate the single impurity Kondo temperatures within the Cornut and Coqblin model. In this model, the single impurity Kondo temperature T n K0 corresponding to a temperature regime where n energy multiplets are occupied is: 20
where j is the total angular momentum quantum number, λ n is the total degeneracy of the n occupied energy levels, and D (n) is an effective cutoff (the formula given in Ref. 20 was corrected in Ref . 58):
where α i is the degeneracy of the level i, N is the total number of energy multiplets, and li is the energy gap between the two levels i and l. In the case of Ce 3+ ion in tetragonal point symmetry, j = 5 2 and N = 3. The pressure dependencies of the three single-impurity Kondo temperatures are shown in Fig. 5(a) . We note that these values are dependent on our estimation of n(E F ) and |υ|. T high K0 is the single impurity Kondo temperature for the high-temperature regime where all the six states of a Ce 3+ ion are occupied. It is not reached experimentally because, upon cooling, the second excited energy level starts to be depopulated before the system reaches T high K0 . The same remark applies for T int K0 , which is Finally, the only temperature that could be reached experimentally is T low K0 , the single impurity Kondo temperature for the low-temperature regime where only the ground state doublet is occupied. The pressure dependence of T low K0 is shown in Fig. 5(b) . Although T low
K0
increases rapidly with pressure, it is still much lower than the ordering temperature and it is not reached in our experiments. Below T low K0 , a Kondo compensation of the total angular momentum would occur. However, our values of T K0 should be considered as very rough estimates and it has to be reminded that coherence effects as well as the effect of the magnetic ordering are not considered in the Cornut and Coqblin model, and, consequently, we fitted our data only above 20 K. In cerium compounds, pressure drives the system towards the right side of the Doniach phase diagram, 5, 6 i.e., from the region where the RKKY interaction dominates to the region where it is the Kondo effect that dominates. We expect that at higher pressure, the Kondo effect will become more significant and will compete more strongly with the RKKY interaction, leading to a decrease of the magnetic ordering temperature. With increasing pressure, we do not observe any increase of the deviation of the ordering temperature from the estimation. Therefore we conclude that the influence of the Kondo effect on the magnetic ordering temperature is still small, even at our highest pressure of 4.9 GPa. This is consistent with the fact that the single impurity Kondo temperature T low K0 is still much lower than the ordering temperature, so that the energy scale for the Kondo compensation of the magnetic moments is still small.
We will now focus on the field dependence of the resistivity anomaly. Three different cases are presented in Fig. 6 : p = 0 (a)-(c), 2.1 (d)-(f), and 4.9 GPa (g)-(i).
In Fig. 6(b) , at ambient pressure, only one ordering transition is observed as a positive peak in dρ/dT . An applied magnetic field along the [110] axis reduces the ordering temperature T O 1 . The anomaly can also be observed in the magnetic field dependence of the resistivity at different temperature [see Fig. 6(c) ]. The resulting phase diagram is presented in Fig. 6 (a) and is consistent with the one obtained from magnetization and specific heat measurements. 7 Figure 6(e) shows dρ/dT for p = 2.1 GPa. At zero field, two peaks in dρ/dT indicate the two transitions. With increasing H , the two transitions seem to merge at around 2 T. With further increases of the magnetic field, the anomaly is suppressed down to lower temperatures and disappears near 5 T. The magnetic field dependence of the resistivity [see Fig. 6 (g)] shows a local maximum at low temperature around 2 T. This anomaly evolves into a kink at higher temperature. The phase diagram is shown in Fig. 6(d) . The anomalies seen in the resistivity data allow us to separate three different domains in the phase diagram in addition to the paramagnetic region.
At the highest pressure reached in this study, 4.9 GPa, the two anomalies are less distinguishable in dρ/dT . They still merge with applied magnetic field [see Fig. 6 (h)]. At 2.5 T, a new anomaly is visible as a local maximum around 1 K. It becomes very sharp at 3 T, then it broadens at higher magnetic field and finally disappears above 4 T. The phase diagram shown in Fig. 6(g) is even more complex than the one at lower pressures. Such a phase diagram is reminiscent of quantum critical behavior, where new phases are observed in close proximity to the quantum phase transition.
CeZn 11 belongs to a small group of Ce-based compounds in which a fine tuning of the exchange interaction can be achieved by temperature, applied magnetic field, and/or pressure to drive the system into various magnetic ground states. Other compounds with complex magnetic phase diagrams include CeSb, 54,55 CeRu 2 Ge 2 , 50-52 CeRhIn 5 , 62,63 CeCd 11 , 64 and CeRu 2 Al 2 B. 53 Interestingly, the uranium compound, UCd 11 , also shows a complicated T -p-H phase diagram, 65 however, elastic neutron scattering experiments failed to determine the magnetic structure. 66 In UCd 11 , the boundaries between different phases seem to cross each other 56, 67 in a very similar way as what we observe in CeZn 11 at 2.1 GPa, for example [see Fig. 6(d) ]. Assuming that such a T -H phase diagram is not a special section of a higher-dimensional phase diagram, the intersection point of such crossing cannot be a point where four non-symmetry-breaking phases coexist, which would not be allowed by Gibbs phase rule. Gibbs phase rule does not apply for phases that involve certain symmetry breaking, or for higher than first-order phase transitions. Griffiths rule 68 can be used for higher-order critical points, but it still does not apply if the phases break certain symmetry of the Hamiltonian. Therefore we conclude that in CeZn 11 under pressure and magnetic field, some of the phases are breaking certain symmetry or/and at least one of the boundary line is of a higher order than a first-order line.
Finally, another peculiarity of CeZn 11 indicates the complexity of the magnetism in this material. It has been shown that the ordering temperature T O 1 increases with pressure, in qualitative agreement with the increase of the exchange energy |J ex | (see Fig. 4 ). One then expects the critical magnetic field to increase as well. However, the phase diagrams in Figs. 6(a), 6(d), and 6(h) show that this is not the case for CeZn 11 . This can also be seen in Fig. 7 , which shows the magnetic field dependence of the resistivity at different pressures: the critical magnetic field at H 1 decreases with pressure, although T O 1 increases.
In CeRhIn 5 , the complex magnetic phase diagram includes spiral magnetic order. 69 Such order can result from the frustration between two competing interactions when the coupling between nearest neighbors J 1 and next-nearest neighbors J 2 are of opposite sign. 70 In CeZn 11 , anisotropic susceptibility measurements have indicated Curie-Weiss temperatures θ [100] ≈ +1.2 K, whereas θ [110] ≈ −1.6 K and θ [001] ≈ −31 K, 7 although such anisotropy could also arise from the CEF effect. The influence of frustration on quantum criticality was recently pointed out by several authors. [71] [72] [73] [74] The complex magnetic phase diagrams might also be a consequence of CEF levels crossing due to the Zeeman effect on the ground state and the first excited CEF level. In tetragonal point symmetry, the eigenfunctions (1) 7 and (2) 7 are linear combinations of the eigenfunctions of the free ion. It is therefore difficult to estimate the Zeeman splitting without more knowledge of the wave functions of the energy levels. In the case of CeZn 11 , the origin of the rich phase diagrams is still unclear: frustrated competing interactions, proximity of quantum criticality and low CEF levels might contribute to the complexity; further experiments are certainly required.
In summary, we have measured the electrical resistivity of CeZn 11 under pressure up to 5 GPa, and magnetic field up to 9 T. The high-temperature part of the electrical resistivity is well described by the combination of the Kondo and the CEF effects. We were able to extract the pressure dependence of the magnetic exchange interaction J ex between conduction and localized 4f electrons. The pressure dependence of the ordering temperature is qualitatively well reproduced by the pressure dependence of J ex . With applied pressure, the magnetic ordering temperature increases, indicating that CeZn 11 is on the left side of the Doniach diagram, where the RKKY interaction dominates over the Kondo effect. In addition, rich magnetic phase diagrams have been determined from electrical resistivity measurements under high pressure and magnetic fields for H [110] , revealing that the magnetic ordering of CeZn 11 is not simple under pressure. We hope that the present work will stimulate further experiments to investigate the properties of this material.
